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Abstract

Density driven convection during solidification has been recognized for some
time to result in macrosegregation partlcularly when lower density alloying
elements are rejected into the interdendritic liquid. The resulting
segregates are commonly referred to as channels, freckles or A-segregates.
Buoyancy driven convection leading to channel formation has been examined in
three model systems possessing somewhat different materials parameters.

They are the Pb-Sn eutectic system, the transparent aqueous-salt NH‘Cl-HZO

eutectic system and the transparent organic succinonitrile-ethanol
monotectic system. Convectlion in these systems is controlled by a balance
of buoyant and viscous forces, which are strong functions of composition and
temperature. Composition, temperature and flow velocity were measured and
elimination of channels through heavier ternary additions is discussed.
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Introduction

Natural convection in the liquid during alloy solidification may interact
with the growth of a solid phase or phases and lead to morphological changes
(1-3] or inhomogeneities in the form of segregation defects [4] in a cast
product. Convection in the liquid results from differences in liquid
density arising from thermal and/or compositional gradients within the melt
with the resulting flow patterns dependent upon the geometry and the sign of
the density gradient relative to the direction of the gravitational vector.
Even in the absence of gravity, convection may still be present, driven by
volume changes on freezing [5-8] or surface tension gradients again due

to thermal and/or compositional differences, so-called Marongoni convection
(9-10].

Under terrestrial conditions, density driven convection in the liquid
generally dominates. In a casting of any apprecliable size, temperature
gradients (dT/dz) are inevitable (with respect to some arbitrary reference
axis) and if an alloy freezes over a significant temperature range,
rejection of one or more components from the solid may result in solute
gradients (dc/dz) as well. The magnitude and sign of the resulting density
gradient (dp/dz) is dependant upon the respective expansion coefficlents a =
dp/dT and B = dp/dc. « is always positive while B may be elither positive or
negative. Density is, in general a more sensitive function of composition,
thus B often exceeds a by nearly an order of magnitude. Since B8 can be of
elther sign, the resulting density driven convective flow patterns can vary
from system to system and within a given system, will depend upon the
orientation of the growth direction with reference to the gravitational
vector.

Figure 1a & b show schematically the flow patterns observed with horizontal
growth (perpendicular to the gravitational vector) as in conventional billet
or ingot castings while c & d and e & f represent growth antiparallel,
(dT/dz positive) and parallel (dT/dz negative) to the gravitational vector
respectively, such as in directionally solidified castings or contrived
crystal growth situations. Flgures on the left a, ¢, and e have B negative
{.e. solute additions decrease density while those on the right represent a
solute density greater than the solvent (8 positive). Some form of
convection will result in all but 1d where the higher density, solute rich
liquid stabilizes the system against convection.

Of particular interest is the configuration in lc where the temperature and
compositional density gradients are opposing with a lower density solute
rejected interdendritically. 1In this case a density inversion in the liquid
will result with the lighter, solute rich interdendritic liquid within the
mushy zone surmounted by a higher density bulk liquid which is thermally
stabillzed against convection. The density inverslion in this case is
accommodated by very localized flow upward in the form of clrcular plumes or
jets emanating from holes or channels within the mushy zone with
corresponding re-entrainment of bulk liquid in regions adjacent to the
channels. It is these holes or channels which are the last to freeze and
are left as defects in the solidified casting.

Figure 2 is a shadowgraph showing those convective plumes in a transparent
analogue 30% NH‘C1—HZO casting while Figure 3 reveals the resulting defects
(sectioned perpendicular to the growth direction) in a Pb 10% Sn alloy.
These macroscoplc defects (on the order of 1 mm wide and up to 10° mm long)
are commonly known as channels or freckels when present in directionally
solidified ESR ingots [(11] or turbine blades {12].
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Figure 1 - Buoyancy driven convective flow patterns for alternative heat
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Figure 2 - Shadowgraph of water rich interdendritic liquid plumes exiting
the mushy zone in a 30% NH4C1—H20 casting during solidification.

o

Figure 3 ~ Sn rich channels or freckels present in a transverse section of a
Pb-10 wt.% Sn ingot.
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Similar defects arise in the configuration in Figure la particularly in
steel billet castings [4,13-15] where they are commonly known as "AY
segregates, as well as in 1b and f. These configurations, however, are more
difficult to study experimentally due to the complications of generalized
convective flow in the bulk liquid.

From this point discussion will be confined to the confliguration in Figure

ic, i.e. directional growth vertically upward with rejection of a less dense
solute.

Its been known for some time that channel or freckels arise from buoyant
convection during solidification {11,13,16] what is not so clear ls the
mechanism by which channel flow originates and the parameters which control
the number, size, spatial distribution and flow rate of the resulting
channel plumes.

Flow Initiation

Since channel flow involves both the interdendritic liquld within the
semi-permeable mushy zone as well as the bulk liquid ahead of the growth
front, the choice of origin is at some depth within the mushy zone or at a
position at or ahead of the dendritic front. Although analysis have been
formulated for the former [17-19) experimental evidence obtained using
transparent metal analogues suggests that flow originates from a liquid
disturbance at or just ahead of the growth front [20-21) with subsequent
formation of channels backwards into the mushy zone.

Consldering solidification vertically upwards of an alloy of composition C°
into a positive gradient as shown schematically in Figure 4, one finds at
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Figure 4 - Schematic concentration and density profiles above and below the
dendritic front (dp/dc (-), d/T/dz (+)).
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the growth front, a slightly enriched boundary layer of composition CU
depositing solid of composition Cn’ while between the dendrites within the

mushy zone the liquid is in local equilibrium with the solid according to
temperature and composition along the liquidus line of the phase diagram.
If B x dc/dz exceeds a x dT/dz along the liquidus line, the net density
gradient within the mushy zone is positive i.e. inherently unstable while
that within the bulk liquid, presumed to be of uniform composition, is
negative or stable. Despite the fact that the positive solutal density
gradient often exceeds the negative thermal density gradient, convection 1s
not spontaneous since the less dense liquid below must break through the
quiescent, supernatent bulk liquid. It is thus evident that liquid
perturbations leading to flow must origlnate at or near the dendritic
interface at the level where the density gradient changes sign. Without a
perturbation at this level, fluid originating from greater depths cannot be
released. Although no formal analysis for breakaway of this boundary layer
fluld has been developed, conditions are such that flow will result by
thermosolutal convection.

Thermosolutal convection, recognized for some time in oceanographic contexts
(22-24] as thermohaline convectlion is a generic phenomena responsible for
convective flow in a wide range of natural systems [23]. Simply stated it
is mass transport arising due to a diffusivity difference between heat and

solute. In general D >>D so that fluid displaced upwards will
thermal Bolute

come to rapld thermal equilibrium but remaln solute rich and thereby less
dense than its surroundings.

Thermosolutal convection originates when a critical value of a thermosolutal
Rayleigh number is exceeded [2,24-26] resulting in a flow pattern with a
width scale on the order of the primary dendrite spacing (~ .5 mm) and
extending some 2-3 cm ahead of the dendrite interface. The convective cells
established have come to be known as "salt fingers". A simple minded
analysis of the quantities in a critical thermosolutal Rayleigh number
{27-30] shows that if the number were unity, the relevant dimension in the
equation, for both metallic and aqueous analogue systems, would be similar
to the primary dendrite spacing. Since the liquid perturbations are
occurring at the dendritic front with its periodic nature, such a
coincidence might well be expected.

For a given alloy system, the primary déndrite spacing 1s dependant on the
tempg{%tut?/gradient (G) and growth velocity (V) (approximating proportional
to G v [31]). It is interesting to note that increases in elther G
or V both refine dendrite spacing and have been qualitatively observed to
decrease the Incidence of channel formation, i.e. increases in G and/or V
result in a subcritical Rayleigh number, predicting no thermosolutal
convection and therefore no mechanism for initiation of channel flow.

In both the NHACI-HZO and succinonitrile-ethanol systems "salt finger"

convection has been observed to precede channel formation. By some, as of
yet unexplained criteria, certain salt fingers are coupled with flow in the
mushy zone to result in channel flow with dimensions on the order of 3-5
times the primary dendritic spacing.

The incidence of channels within a given system also appears to be
compositionally dependant. At high solute contents (with a correspondingly
open and permeable mushy zone) coupling to form discrete channels does not
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occur and convective flow does not progress beyond the salt finger regime.
With decreasing solute content under given growth conditlons, the onset of
channels is initially delayed to longer and longer times eventually reachling
a point where the fraction solid within the mushy zone is so high as to make
it essentially impermeable. Since re-entrainment of liquid into the mushy
zone is necessary for continued flow, there is a lower limit to channel
formation within a given system.

Channel Dimensions and Flow Rates

As was alluded earlier, the quasi-steady state propagation of established
channels is separate and subsequent to the initial breakdown and formatlon
of salt fingers. It is interesting that for the three model systems
examined (metallic Pb-Sn, aqueous NH‘CI—HZO and organic

succinonitrile-ethanol) that the formation of channels and their dimensions
are, to a first approximation, identical despite a rather wide range of
physical properties. The relevant physical properties can be conveniently
expressed in terms of the dimensionless Prandtl and Lewis numbers (o and T).

Important quantities for consideration in comparison of channel flow in the
three systems are summarized in Table 1. Some of the quantitlies cannot be
readily measured, i.e. flow velocities and temperature difference between
plumes and bulk in the opaque metallic system. Channel/plume composition
differences are averages based on EMPA in Pb-Sn and refractive index
measurements of liquid samples in the transparent analogues. Composition
and temperature difference data for the organics have yet to be measured.

Since the channel radius and spacling are essentially unchanged from one
system to another one might ask what factors determine the relationship
between the composition difference (AC) driving flow and the resulting plume
flow rates? In order to do thls we must examine plume flow more closely to
determine how the plume flow rate, channel radius and buoyancy forces are
tied together. As a flrst approach, one might consider plume flow to be
analogous to flow along a tube. Neglecting end effects, this glves a
parabolic velocity distribution in the plume described by the well known
Poiseuille equation. This equation however is not strictly applicable due
to the imposition of a no slip boundary condition at the walls of the plume.
In actuality the moving plume drags along some of the quiescent bulk liquid
causing the radial velocity to decay exponentially around the plume,
resulting in a velocity distribution shown schematically 1n Figure S.

Table 1. Relevant Plume Flow Data

Metalllc Aqueous Organic
-2

o ~ 2 x 10 ~7 ~21
1 4 x 10° 10? 10°
channel radius, r (m) 6x 10 6x 19" 6 x 107
average flow velocity, V (m/sec) . 10”7 10°
composition difference, AC (wt.%) 3.5 .65 .
temperature difference, AT(K) . 3 .
channel spacing, L{m) 107 107 107
fraction liquid in mushy zone, fL .08 .86 .74
primary spacing, A (mm) 3 x 107 4 x 107 6 x 107

*no measurements
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Figure 5 - Schematic of the velocity profile and boundary conditions for
flow of a cylindrical plume of liquid through a quiescent liquid
of higher viscosity.

The plume "wall" actually represents a region of maximum shear which
corresponds to the point at which the refractive index changes most rapidly
in a transparent material. The radial velocity distribution in the plume
then fits a modified parabolic equation of the basic form:

pr 2

—_°
2hn

where r is the plume radius as defined above, P is the buoyant pressure of

the form Apgh, 7n is the dynamic viscosity and h is the plume height. g is
the gravitational constant and 4p can be given by pBAC involving the bulk

density p, the solutal expansion coefficient B and the mean compositional

difference between the plume and surrounding liquid.

If the plume temperature is below that of the bulk (which it i{s by ~ 1-3 K

in the aqueous system) then the buoyant pressure may be reduced by apAT '
where AT is the temperature difference and « Is the thermal expansion

coefficient. The basic form of the velocity profile has been described but

the criterion 1Is still lacking for the selection process between r V or

AC.

Two possibilities can be considered, first that plume flow is as rapid as lIs
consistent with the observed laminar flow i.e. less than the onset of
turbulence as determined by critical Reynolds number Re = %E (z 103) where v

Is the kinematic viscosity, or, secondly, that the system comes to thermal
equilibrium which would limit flow rates to V = K/r where K is the thermal
conductivity, a condition necessary for the formation of steady state "salt
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finger" convection which precedes channel flow. Plotting these possible
limiting criteria in Figure 6 on a log scale we find the observed rates for
the aqueous system to lie well below the laminar to turbulent transition
glven by Reynolds yet significantly above the rates necessary for complete
thermal equilibration, as might be expected since temperature measurements
made by passing a fine wire thermocouple through the plumes reveal a net AT
between the plume and bulk liquids. The line denoted "Poiseuille" considers
the no slip condition at the wall and incorporating slip as in the real case
would result in a higher velocity for a given radius, more closely
approaching the observed value for the aqueous system. Simllar results can
be obtained for the organic system but confirmatory observed data for the
metallic system is lacking due to the difficulties in measuring flow
velocity in the opaque liquid. Extrapolating velocities from the analogue
systems using measured AC and r values for the metal system indicate flow
velocitlies In the metal system in excess of 100 mm/sec!

Since neither criteria adequately predicts the observed case it is necessary
to go back and re-evaluate the assumption of no end effects, particularly
since the bottom end of the plume is embedded in the semi-permeable mushy
zone which might be expected to limit the volume of liquid which can be
drawn into the channel. Clearly there would be a lower limit to
permeabllity below which a sufficient volume of liquid simply could not be
re-entrained to maintain flow for a given buoyancy pressure. In order to
quantify this restriction on reentrainment, it is necessary to consider the
flow rate and viscosity of the interdendritic liquid as well as the geometry
of the dendritic grid within the mushy zone, particularly the number, size
and tortuousity of interdendritic liquid "pipes" which feed the channel, as
well as to what depth below the front the flow is significant. The fractlon
of solid within the mushy zone increases with depth, decreasing the
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Figure 6 - The flow rate/radius relationships (log V(m°sec-l) vs, log r(m))
for a 30% NH Cl analogue alloy indicating limiting values for
turbulence, "plpe flow and thermal equilibrium.
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permeability of the mushy zone and limiting the flow contributions at
greater depths. Experiments using dye to trace re-entrainment patterns in
analogue castings have confirmed significant flow to be limlted to a
hemispherical volume with a radius of approximately 1/2 the spacing between
channels. Measured concentration and temperature differences (AC & AT)
between the plume and bulk liquids are consistant and when compared with the
axlal compositlon and temperature gradients within the mushy zone, verify
that plume flow originates close to the dendritic front.

Channel Elimination

In alloys prone to the formation of these defects, alteration of composition
and/or processing technique can eliminate channel formation. As was
mentioned earlier, it has been known for some time that increases in
temperature gradient and growth velocity (11,16,32] qualitatively decrease
the Incidence of channel formation. Increasing either parameter decreases '
the scale and permeability of the mushy zone making channel formation more '
difficult,

By additions of heavier alloying elements, which also segregate to the
interdendritic liquid, it is possible to negate the density difference !
driving buoyant flow. Ternary additions of ZnCl2 to NH‘CI—HZO have been

shown to reduce the incidence of channel formation [21,33) and efforts are
currently underway to systematically eliminate the buoyancy force through
ternary additions to aqueous and organic analogue castings.

When little or no flexibility in composition or processing conditions are
possible, simple mold movements (i.e. slow rotation about an axis inclined
to the vertical) have been shown to eliminate channels [20,21,34]. The
effect of such a movement is to cause the bulk liquid to shear continuously
past the advancing interface, shearing off any plumes present before they
can develop.

Conclusions

1. Channel segregation results from buoyancy driven convection in the
liquid during alloy solidification.

2. Thermosolutal convection leading to channel formation occurs ahead of
the dendritic front when a critical value of the thermosolutal Rayleigh
number is exceeded.

3. Channels are established by coupling of the thermosolutal convection in
the bulk liquid with flow in the mushy zone and subsequent formation of
channels backwards from the interface. The criterla for coupling are
as yet unknown.

4. The factors which control the composition difference (aC), channels
radius (r) and flow rate (v) relationships for channel formation are
complicated functions involving the interaction of buoyancy, viscosity
and approach to thermal equilibrium and the geometrical constraints of
the permeability of the mushy zone.

S. Channels can be eliminated by increases in temperature gradient and/or
growth velocity, by heavier alloying additions to negate buoyancy or by
slow rotation of the casting about an axis inclined to the vertical
during solidification.
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